The strength properties of waxes used to compound dental and commercial casting waxes are important, since these waxes are subjected to forces developed during the setting of investments and to temperature changes developed during the setting reactions. Strength properties are particularly important when considerable expansion takes place in the investment, such as when the hygroscopic procedure is used with calcium sulfate-bonded investments or when silica sols are used with the phosphatebonded investments. The silicate-bonded investment shrinks during setting, also appling stress to the wax pattern.
The strength properties of waxes used to compound dental and commercial casting waxes are important, since these waxes are subjected to forces developed during the setting of investments and to temperature changes developed during the setting reactions. Strength properties are particularly important when considerable expansion takes place in the investment, such as when the hygroscopic procedure is used with calcium sulfate-bonded investments or when silica sols are used with the phosphatebonded investments. The silicate-bonded investment shrinks during setting, also appling stress to the wax pattern.
Shell' reported the force necessary to restrict the longitudinal hygroscopic expansion of a calcium sulfate-bonded investment to be approximately 1,000 Gm./cm.2 and concluded that the hygroscopic expansion had adequate strength to move invested wax patterns. He also observed that the normal setting expansion has a much higher strength than the hygroscopic expansion.
Lorey, Asgar, and Peyton2 observed that crowns and bridges could be cast as a single unit, using the water-added hygroscopic procedure, if the gingival portions of the patterns were made of hard wax and the occlusal portions were made of soft wax. When the expansion of the investment took place, the physical properties of the soft wax allowed this wax to be deformed easier than did the hard wax, thus resulting in adequate dimensional compensation in the various re- gions.
The strength properties of waxes also are of interest from an academic viewpoint, since the mechanical qualities have not been reported. Several reports, however, have described the flow of waxes at different temperatures and constant loads.A In this study, the strength properties of modulus of elasticity, proportional limit, and compressive strength were measured on three principal natural waxes used to compound casting waxes and on several commercial dental casting waxes at temperatures from 230 to 40'C.
Materials and Methods The lot numbers and sources of supply of the waxes that were investigated are listed in Table 1 .
The compression specimens were prepared by pouring molten wax, just above the melting point, into a preheated tapered steel mold, 13 mm. long with a diameter The data were analyzed, using the Cochran-Cox modification of Student's "t" test8 and one-way and two-way analyses of variance; Duncan's multiple range test was used to rank the means. 9 Results The moduli of elasticity, proportional limits, and compressive strengths of natural waxes A, B, and C, dental inlay waxes D, E, and F, and dental casting wax G are listed (Tables 2 to 4 ). The values are means of ten separate determinations of the stressstrain curve, and the numbers to the right, contained in the parentheses, are the standard deviations for the sets of data.
Carnauba plant wax (C) possessed the highest mechanical properties of all waxes tested at corresponding temperatures. At 230C., paraffin wax had higher mechanical properties than beeswax (B) but, at 300C., there was no statistical difference in the values according to Student's "t" test at the 95 percent confidence level.
Increases in temperature resulted in decreases in the mechanical properties of all (45) 503 (24) 99 (6) 35 (5) G 230 (11) 89 (4) 44 (2) . The low F2,9 value showed the waxes were not different at the 95 percent level.
The proportional limits of waxes D and E were compared, using the Cochran-Cox modification of the "t" test. The values of "t" from 2.75 to 19.7 at various temperatures were higher than the critical "t" value of 2.25 for 9 degrees of freedom, and the proportional limit of D was significantly higher than E at the 95 percent level of confidence. This modified "t" test was used to compare the means of waxes E and F.
It was found that at 23 'C. the proportional limit of wax E was significantly less than that of wax F and, at 37°and 40'C., the proportional limit of wax E was significantly more than that for wax F at the 95 percent level. The proportional limits of inlay waxes D, E, and F also were compared, using a two-way analysis of variance ( Inlay wax E had increases in thermal coefficients of expansion at 317 and 45'C. and wax F at 330 and 40'C. These values are in agreement with the observations that wax F had higher strength properties at 23°and 30'C. but had lower values at 370C. and 400C.
The data for natural waxes indicate that a wide range of mechanical properties of dental waxes can be obtained simply by varying the composition. In addition, investigators2 have recommended using a combination of waxes for certain patterns. It was of interest, therefore, to select a rather simple idealized wax pattern of the MOD type and to show how the properties of waxes may be used to calculate the deformation across the occlusal surface and at the cervical margin as a result of the expansion of the investment using waxes with various moduli of elasticity.
It was assumed that the stresses on the wax pattern were below the proportional limits of 300 to 400 psi at 30'C., because the estimated stress required to neutralize the hygroscopic expansion was about 14 psi (1,000 Gm./cm.2), although the added stress from the setting expansion was not known. It also was assumed that the investment on the outside of the wax pattern did not restrict the movement of the pattern as a result of the investment expanding from the inside.
The idealized model of the MOD is shown (Fig. 1) . The pattern was considered to consist of two cantilever beams and one simple beam. The maximum deflection, Al, of the cantilever beam when subjected to uniform loading is expressed by equation (1) A1: 8Ell (1) where P is the load (based on a stress of 2,000 Gm./cm.2), El is the modulus, and I is the moment of inertia. The formula for I is given in equation (2).
When equations (1) and (2) (9) shows that the ratio of E1 :E2 varies directly as 12 and inversely as d3 and w. The ratio also increases with increases in b but remains nearly constant with moderate increases in h.
It should be emphasized that equation (9) should not be applied to MO or DO wax patterns since, in this instance, A1 should equal A2. Appropriate changes in the equation to show this equality can be made easily. In general, equation (9) can be applied to the wax patterns for three-or fourunit fixed bridges to be cast in one piece. Although increases in w decrease the ratio, increases in 1 and decreases in d would result in larger increases in E1: E2. The results of Lorey, Asgar, and Peyton,2 relating to the casting of three unit bridges using a soft wax for the pontics and occlusal sections and the remainder consisting of hard wax, confirm this interpretation. The ratio of El:E2 for the waxes used in that study of bridges was about 7: 1.
The selection of waxes having the proper elastic moduli, therefore, should be of value in obtaining uniform expansion of the wax pattern during the setting of the investment. Also, the mathematical model developed for MOD patterns could be used to develop plots of the ratio of the moduli for variations in the geometry of MOD patterns. Summary The strength properties in compression of elastic modulus, proportional limit, and ultimate strength of some representative natural and dental waxes were determined at temperatures from 230 to 40'C. The strength properties of natural waxes at room temperature were in the decreasing order of carnauba, paraffin, and beeswax, and those of the dental inlay waxes were higher than a dental casting wax. The strength properties decreased with increasing temperatures although the order of the waxes at 40'C. was 
